Diamond has a unique combination of physical properties for the inertial confinement fusion ablator application, such as appropriate optical properties, high atomic density, high yield strength, and high thermal conductivity. Here, we present a feasible concept to fabricate diamond ablator shells. The fabrication of diamond capsules is a multi-step process, which involves diamond chemical vapor deposition on silicon mandrels followed by polishing, microfabrication of holes, and removing of the silicon mandrel by an etch process. We also discuss the pros and cons of coarse-grained optical quality and nanocrystalline chemical vapor deposition diamond films for the ablator application.
I. Introduction
Inertial confinement fusion (ICF) target fabrication is one of the technical challenges that needs to be met for the successful operation of the National Ignition Facility (NIF). 1 The baseline design for indirect-drive ignition targets for NIF consists of a two-millimeter-diameter spherical shell ("ablator") with a wall thickness 75-130 μm made of a low-Z material, filled with a frozen layer of deuterium-tritium (DT) fuel and a central DT gas core. [2] [3] [4] [5] [6] [7] [8] [9] Although copper-doped beryllium and plasma polymers are currently the primary candidates for the ICF ablator application, diamond seems to be a very promising material due to a unique combination of physical properties: 1) The opacity / albedo properties of diamond for 250 -300 eV photons, together with its high atomic density, provide for efficient energy absorption and a high ablation rate whereby reducing Rayleigh-Taylor instabilities at the ablation front; 10 2) The extremely high yield strength of diamond allows room temperature handling of filled targets there the DT fuel develops a pressure in the order of 1000 atm; 3) The broad-band optical transparency of diamond 11 (from ultraviolet to far infrared, 0.22 -20 μm) allows the use of optical techniques to smooth the DT ice layer; 4) Finally, the high thermal conductivity (up to 23 W cm -1 K -1 at 300 K 12 ) of diamond simplifies the cryogenic system requirements.
The ICF ablator application requires the ability to produce uniform high-quality diamond coatings on small spherical substrates with a nanometer surface finish. Here, we present a feasible concept to fabricate diamond ablator shells as well as preliminary experimental results. Specifically, we successfully deposited ~100-micron-thick optical quality diamond films on spherical silicon substrates. These coarse-grained films were grown by a technique called microwave plasma-assisted chemical vapor deposition (PACVD) using a reactor which is optimized for long-term plasma stability. In addition, nanocrystalline CVD diamond films were characterized as an alternative to coarsegrained material. We also present preliminary results on drilling micron-sized holes through ~100-μm-thick diamond films by laser or focused ion beam (FIB) processing.
II. Experimental Procedure
The deposition of optical-quality diamond films on spherical silicon substrates (Fraunhofer Institute, Germany) was performed in a 6 kW microwave reactor equipped with a custom made substrate holder specifically designed to guarantee uniform coating of spherical substrates. The substrate temperature was between 700-900 o C, and a mixture of one percent methane in hydrogen was used as process gas. Under these conditions we obtained a deposition rate of ~2 μm/h.
Nanocrystalline diamond films were grown on silicon (100) substrates using a hot-filament CVD reactor (CemeCon CC800/Dia). 13 In order to achieve a high nucleation density, the substrates were treated by bias enhanced nucleation before film growth. A feed gas mixture of ~ 3% methane in hydrogen was used. Additionally, oxygen was inserted periodically to the gas mixture with an average concentration of ~ 1% to facilitate the development of a nanocrystalline grain structure.
Both coarse-grained and nanocrystalline diamond films were characterized by a variety of techniques including cross-sectional transmission electron microscopy (XTEM), Rutherford backscattering (RBS), soft x-ray absorption near-edge structure (XANES) spectroscopy, as well as Raman and infrared (IR) spectroscopy. The mechanical properties of CVD diamond films were tested by depth-sensing nanoindentation using a Triboindenter (Hysitron) equipped with a diamond Berkovich tip.
The spatial frequency roughness of the diamond films was characterized by white light interferometry (Zygo) and atomic force microscopy (Digital Instruments). The characterization methods are described in more detail in reference 13.
Micron-sized holes were drilled through freestanding diamond films using a FIB system (FEI) in combination with a XeF 2 -assisted etch chemistry. Alternatively, a diode pumped, q-switched Nd:YAG laser with a 4 kHz pulse repetition rate (average power 10 W) was used. The silicon mandrels were removed by etching in a mixture of hydrofluoric acid and nitric acid.
III. Results and Discussion
Diamond ablator shells can be fabricated using a multi-step process schematically illustrated in Figure 1 . The process involves the following steps: 1) chemical vapor deposition of diamond on silicon mandrels, 2) polishing of the initially rough diamond films to the required surface finish, 3) microfabrication of blind holes through the diamond film or, alternatively, microfabrication of through-holes (through the Si mandrel), 4) removing of the silicon mandrel by wet or dry etch processes, and 5) attaching a fill tube or plugging the fill hole. In the following, the feasibility of each step will be discussed and, where available, preliminary experimental results will be presented.
Deposition of optical-quality diamond films on spherical silicon substrates with a diameter of 2 mm was performed in a 6 kW microwave reactor (Fraunhofer Institute, Germany) optimized for long-term plasma stability. 14 The system is equipped with a custom-designed substrate holder to guarantee the homogeneous coating of spherical substrates. The substrate platform consists of a rotating beveled inner disk and a stationary outer ring whereby randomly rotating the Si mandrels inserted into the groove between the inner disk and the outer ring (Fig. 2a) . After every turn, the spheres are deflected from the groove to further randomize their movement. The diamond films were grown at 700-900 o C using a feed gas mixture of 1% methane in hydrogen resulting in a deposition rate of ~ 2 μm/h. Figure 2b shows a set of spheres simultaneous coated with an ~70-μm-thick diamond film.
For quality control, we also studied diamond films grown under identical conditions on flat silicon substrates (data not shown). In short, we checked the density (weight measurement, 3.57 g/cc), the phase purity (Raman spectroscopy and x-ray diffraction), as well as the infrared transparency of this material, and all experimental results are consistent with the deposition of fully-dense, phase-pure, coarse-grained polycrystalline diamond of optical quality.
The as-grown diamond films exhibit a very rough surface morphology due to the coarse grain structure of CVD diamond (Fig. 3c) . Typically, the root mean square (RMS)
roughness of an as-deposited diamond film is in the order of 2% of the film thickness, which translates into a RMS roughness of ~2 μm for a ~100-μm-thick CVD diamond film.
On the other hand, the ICF ablator application requires a RMS roughness in the order of 10 nm (NIF standard). 5, 9 Fortunately, polishing techniques exist which are able to meet this requirement. 15 We measured the surface roughness of a freestanding diamond film
with an optical quality surface finish, and observed surface roughness values of <20 nm RMS on a mm length scale (scanning white-light interferometry) and <1 nm on a μm length scale (atomic force microscopy), respectively. In an attempt to transfer the polishing techniques developed for diamond flats to spherical samples, we adopt polishing techniques used in the ball bearing industry to fabricate brittle ceramic balls. 16 We started with a simplified version of such a polishing machine consisting of a rotating grinding disk charged with diamond powder and a custom-designed sample holder. The diamond coated spheres are inserted into concentric grooves (race tracks) machined into the sample holder, and pressed against the grinding disk. The results of these preliminary experiments are very promising (Figure 3b ). The surface roughness is significantly reduced from ~2 μm to ~200 nm. However, a detailed analysis reveals that the polishing is not perfectly uniform, and further improvements of the polishing setup are necessary.
In order to remove the Si mandrel, micron-sized holes have to be drilled through the diamond film. The same holes can later be used for filling the target with DT. The specifications for NIF baseline capsules requires fill holes with a diameter of <5 μm, 4, 9 which translates into an aspect ratio of ~20 for an ~100-μm-thick ablator. We evaluated both FIB and laser based micromachining: Using a XeF 2 assisted FIB technique, 17, 18 we were able to drill a round hole, tapering from ~12 μm (entrance) to ~5 μm (exit), through a 90-μm-thick freestanding diamond film at a rate of 2 μm/min (Fig. 4a,b) . Laser drilling through freestanding diamond films resulted in holes tapering from ~25 μm (entrance) to ~5 μm (exit) thus indicating a self focusing effect of the laser while drilling through the material. We also laser-machined ~15-μm-diameter holes through an ~10-μm-thick diamond film deposited on a silicon mandrel (Fig. 4c ) Besides of being a very fast process, laser machining has the further advantage of being able to drill through-holes (through the diamond film and the mandrel) with a diameter of ~30 μm (data not shown).
Although these early attempts to fabricate through-holes resulted in much larger diameters than those required by the NIF baseline specification, this approach might be advantageous for removing the mandrel material via a microfluidic setup (see below).
Using the holes prepared as described above, the Si mandrel can be removed by wet or dry etch techniques. In a proof-of principle experiment, a hollow diamond capsule was fabricated by machining a 200-μm-diameter hole through the diamond film and subsequent etching in a mixture of hydrofluoric acid and nitric acid for several hours ( capillaries. Alternatively, a XeF 2 -based dry etch technique is available. This isotropic Si etch process was developed for the MEMS processing, 19 and results in etch rates as high as 10 μm/min at RT. In addition, the best performance of this process is observed when performed in a pulsed mode (XeF 2 exposure, pump, XeF 2 exposure…) thus facilitating mass transport through the required small holes.
After removing the mandrel, the same hole can be used to fill the now empty diamond capsule with DT. In terms of plugging the hole, a default option is to plug the hole with DT ice as proposed for beryllium. 4 Alternatively, three-dimensional diamondlike carbon (DLC) structures can be fabricated by FIB-assisted chemical vapor deposition (FIB-CVD) using penanthrene (C 14 H 10 ) as a precursor. 20, 21 This technique can be used to either plug the fill hole with DLC or to grow a fill tube directly above the fill hole. The latter approach has the advantage of a glueless joint between the fill tube and the capsule.
Results of proof-of-principle experiments for both plugging and fill tube microfabrication are shown in Figure 6 .
Due to the anisotropic speed of sound in diamond, coarse-grained diamond potentially distorts the spherical symmetry of the shock waves, thus jeopardizing the ablator performance. Although this is a general problem of all crystalline ablator materials (including beryllium), the effect might be especially important for diamond as the diamond phase diagram predicts that diamond remains in the solid state at the shock front (300-500 GPa, 5000 K). [22] [23] [24] However, shock propagation experiments need to be performed to confirm the existence of this effect. If these experiments indeed reveal a signature of the grain structure in the shock wave velocity distribution, nanocrystalline CVD diamond can be used as an alternative ablator material. Although the growth of nanocrystalline diamond films is usually limited to very thin films due to high internal stresses, we were able to develop a process to grow low stress, ultra-thick NCD films. 13 The material still exhibits a columnar grain structure, but the grain dimensions are on the nanometer length scale. Compared to optical quality CVD diamond, NCD diamond is still an ultra-strong material, with roughly 15% lower values for both Young's modulus (80 GPa) and the hardness (710 GPa) as determined by nanoindentation. As an additional benefit, NCD films exhibit a smoother surface morphology than their coarsegrained counterparts (RMS surface roughness of an as-deposited ~80-μm-thick NCD film is only ~200 nm). Currently, the main disadvantages of using NCD as an ablator material is the roughly ten times lower deposition rate (~165 nm/h) compared to that of coarsegrained material.
IV. Conclusions
Diamond has a unique combination of physical properties for the ICF ablator application.
We developed a concept for the fabrication of diamond ablator shells involving the following steps: 1) CVD of optical quality polycrystalline diamond films on spherical silicon substrates, 2) polishing of the diamond films to a nanometer level surface finish, 
